We report power-scaling of an ytterbium-sensitized thulium-doped silica fiber laser generating up to 75 W of output power in the 2 µ m wavelength range when cladding-pumped by a 975 nm diode stack. The slope efficiency is 32% with respect to launched pump power and the beam quality factor (M 2 ) is 1.3. We also investigate the characteristics of this fiber in a tunable laser configuration, operating at ~10 W of output power with the tuning range extended from 2000 to 2080 nm at a launched pump power of 40 W.
INTRODUCTION
Thulium (Tm 3+ )-doped fiber lasers are of great interest for generating coherent emission in the so-called "eye-safe" wavelength range. Their emission band extends over a wide range from 1.6 µm to over 2 µ m, and they can be efficiently pumped at ~790 nm, ~1200 nm, or ~1600 nm [1] [2] [3] [4] . Pumping with more widely available sources at 808 nm and 1060 nm is also possible [5, 6] . These features make them useful for applications in medicine and spectroscopy, for example. Furthermore, their high efficiency [7] makes them attractive for high-power applications, e.g., in materials processing. For high powers, the ~790 nm absorption band is attractive for pumping because only this wavelength matches with commercially available high-power diode sources, which have relatively limited wavelength coverage. However, the availability of 790 nm diodes is relatively poor, and the absorption at 808 nm is rather low for high-power claddingpumping, in which the effective pump absorption efficiency is further reduced by the need to use a large inner-cladding size to accommodate the large focused beam size achievable with high-power diode pump sources Still, Tm 3+ -doped fibers allow for, and can indeed even benefit from, a high Tm 3+ -concentration via a "two-for-one" cross-relaxation process [7] , so it has not been a problem to achieve sufficient pump absorption with the fiber geometries used so far. However, there is still a re-absorption that red-shifts the emission and restricts the wavelength range that can be addressed. This effect occurs also in other cladding-pumped three-level fiber systems, such as erbium (Er 3+ )-doped fibers, emitting at ~1550 nm. In these, co-doping ("sensitization") with ytterbium (Yb 3+ ) is normally used to enable three-level operation [8, 9] . In Yb 3+ -sensitized fibers, pump energy within the Yb 3+ absorption band of ~900 -1060 nm is absorbed by Yb 3+ -ions and then transferred non-radiatively to a resonant energy-level ( 4 I 11/2 ) of Er
3+
-ions, which are thereby excited. The Yb 3+ co-doping improves the pump absorption thanks to the broad and strong absorption of ytterbium, which can be further enhanced by increasing the Yb 3+ -concentration. The improved pump absorption means that (1) an otherwise excessive fiber length can be reduced to more manageable values, e.g., a few meters. This can reduce the total background loss, and it also counteracts nonlinear scattering such as stimulated Brillouin scattering and stimulated Raman scattering, which can be important for high-power devices. Furthermore, (2) the effective pump rate for the Er 3+ -ions increases so that the threshold is reduced, (3) the total number of Er 3+ -ions can be much lower than would be required for direct Er 3+ -absorption of the pump light with the result that the re-absorption loss can be reduced Fig. 1 . Sensitization has long been used for upconversion systems [10, 11] , but more recently also for a more conventional 2 µ m fiber laser [12] . In such a Tm , the fiber length required to absorb the pump with 975 nm pumping was only one third of that required with 805 nm pumping. In this work, the output power from Tm 3+ -Yb 3+ co-doped fiber laser (TYDFL) [12] was limited by the maximum pump power that could be launched. Furthermore, the wavelength range over which lasing would be possible was not investigated.
In this paper, we explore the limits of power-scaling of a similar cladding-pumped Yb 3+ -sensitized Tm 3+ -doped fiber laser emitting in the 2 µ m wavelength range, with a high-brightness laser-diode stack-based pump source at 975 nm. We reached an output power of 75 W, limited by fiber failure. The beam quality was excellent (M 2 = 1.3) despite a relatively high numerical aperture (NA, 0.22) and V-value (8) . Although the fiber allows for dual-wavelength diode-pumping at ~800 nm and ~975 nm as in Ref. [12] , we only use the 975 nm pump source to excite Tm 3+ ions indirectly via energy transfer from Yb 3+ -ions. In addition, the wavelength tunability of this fiber is investigated in a configuration with an external diffraction grating.
EXPERIMENTS AND RESULTS
A new double-clad TYDF was pulled from the same preform that was used for the fiber described in Ref. [12] µ m diameter, D-shaped geometry. The inner cladding was coated with a low-index polymer and had an NA of 0.48. The absorption at the pump wavelength (975 nm) was ~4 dB/m. As expected, this is the same value as for the previous fiber from the same preform [12] . The experimental setup for the non-tunable laser is shown in Fig. 2 . A 2.5 m long TYDF was pumped with a diode-stack-based pump source operating at 975 nm with the aid of the simple lens and dichroic-mirror arrangement shown. A focusing lens with a focal length of 25 mm coupled the pump light into the inner-cladding of the TYDF. The pump coupling efficiency into the fiber was over 80% with respect to incident pump power. Both ends of the fiber were cleaved perpendicularly to the fiber axis. The far end of the fiber, as seen from the pump source, was butt-coupled to a broadband dichroic mirror that was highly reflecting at ~2 µ m that might otherwise damage the pump diode. Both ends of the fiber were held in 20-cm long, temperature-controlled metallic V-grooves designed to prevent possible thermal damage to the fiber coating by any non-guided pump or signal power, or by the heat generated by the laser pumping cycle itself. To remove heat generated from the fiber core in the intermediate part of the fiber between these two V-grooves, the remaining (intermediate) section of fiber was placed between water-cooled metal plates.
The resulting power characteristics with the broadband mirror feedback are shown in Fig. 3 . The slope efficiency was 32% and the threshold was ~7 W, with respect to launched pump power. The slope efficiency with respect to absorbed pump power (39%) was only ~20% smaller than the theoretical upper-limit on slope efficiency (ignoring resonator losses), indicating that the Yb 3+ to Tm 3+ energy transfer is very efficient. The maximum output power of 75 W was reached with a launched pump power of 240 W. This was limited by fiber failure due to overheating of the output fiber end. Spurious lasing at ~1 µ m was not detected and emission in this band was negligible. The short-term standard deviation of the output power was below 1.4%, measured with a 5 GHz photo-detector and a 400 MHz bandwidth oscilloscope. The output spectrum was measured with a monochromator and is shown in Fig. 4 . The operating wavelength was centered at 2038.5 nm and the linewidth of the laser was ~5 nm, full width at half maximum (FWHM). To determine the beam quality, we used a commercial moving slit-based beam-scanner with an indium-arsenide detector and measured the beam-size as a function of distance from the waist. The measured data are shown in Fig. 5 . The estimated beam quality factor (M 2 value) based on the measurement was 1.3, indicating that the laser output was nearly diffraction limited, despite the large diameter and NA of the core (V = 8 at 2 µ m). Note that this was obtained with a simple laser configuration without any special attempts to improve the beam quality. Widely-used mode-dependent bend-loss is not effective at this high numerical aperture. We are not aware of any report of single-mode operation of an unconstrained fiber laser with such large V-parameter. We also investigated the characteristics of the fiber in a tunable laser configuration, operating at ~10 W of output power. The tuning characteristics are shown in Fig. 6 . For this experiment, the broadband dichroic mirror that was butt-coupled at the far end of the fiber (see Fig. 2 ) was replaced by an external lens-coupled diffraction grating as a wavelength-selective tunable element [5] . Furthermore, in this end, the fiber was polished to an angle of 10° to eliminate unwanted feedback via Fresnel reflection at the fiber facet.
Although we did not increase the power further because of a lack of suitable optical components for this purpose, the tuning range extended from 2000 to 2080 nm at a launched pump power of 40 W before the output power dropped to 70% of the maximum output. Even though the tuning range could be extended wider, the overall tuning range was smaller than that demonstrated with Yb 3+ -free thulium-doped fiber lasers cladding-pumped at 790 nm [4] . The maximum output power was 8.5 W, which is slightly less than the output power of the free-running configuration of Fig. 2 at this pump level because of the transmission loss introduced by the external lens coupler. The linewidth was below 1 nm (resolution limited).
Previously, we had observed thermally induced coating damage at output powers exceeding 32 W from a similar fiber with an outer diameter (OD) of 300 µ m (the fiber used in Ref. [12] ). In this instance, the central part of the fiber was held in air and cooled by unforced convection. We estimated, based on the parameters of the fiber and the pump power, that the coating temperature approached ~230°C at this damage point, which is shown in Fig. 7 . The threshold for catastrophic thermal damage of the outer polymer coating is known to be around 250 °C, which suggested that improved thermal management would be required for further power-scaling. To this end, we pulled the new fiber with a bigger OD of 400 µ m from the same preform and actively cooled the fiber using temperature-controlled metallic holders. This way we reached the 75 W of output power without coating failure. However, we observed that the pump launch end tended to fail beyond this power level. Although the coated part of the fiber was well heat-sunk and actively cooled, the last ~5 mm of the fiber ends were kept in air, outside of the metallic holder. Unfortunately, the large amount of heat generated at the end of the fiber was enough to destroy it, either because of the high temperature or because of a high temperature gradient [13] . Images of damaged fiber ends are shown in Fig.  8 . It can be seen that the fiber ends had melted starting from the core. This shows that the temperature of the fiber end reached well over 1000°C at the damage point, though it is not clear if this temperature was reached before or after the failure. For further power-scaling of our TYDF, thermal management remains the key issue. Although the conversion efficiency was as high as 39% of the absorbed pump power, this is still low compared to some other high-power fiber lasers. In particular, Yb 3+ -doped fiber lasers emitting at ~1080 nm can have conversion efficiencies of over 80% [14] . Since most of the remaining pump power is converted into heat inside the fiber, the TYDFL generates over five times more heat than a comparable Yb 3+ -doped fiber laser at the same output power would. The high pump absorption is a further concern. Assuming that the absorption of the fiber is ~4 dB/m also when pumped with 240 W of pump power, the heat generation reaches 130 W/m at the tip of the fiber that could cause the catastrophic damage of the fiber [13] . This is the highest value that we have experience with. There are several options to mitigate the thermal problems that result. We may consider reducing the pump absorption by using an off-peak pump wavelength, such as 915 nm or 940 nm, reducing the doping concentration, or by making the core smaller or the inner cladding larger. However, the range of doping concentrations that lead to efficient TYDFLs has not been explored, so it is unclear if the Yb 3+ -concentration can be reduced. In addition, the heat-sinking can be improved. These options are under investigation for the further powerscaling of the TYDF.
CONCLUSION
We have demonstrated a Tm 3+ -Yb 3+ co-doped fiber laser that was cladding-pumped by a 975 nm diode stack. Despite the intrinsically multi-mode core with V = 8, the fiber laser generated a nearly diffraction-limited beam (M 2 = 1.3) at a wavelength of 2.04 µ m. We reached up to 75 W of output power, which we believe is a record for a diode-pumped Tm 3+ -Yb 3+ fiber laser. At this power level, thermal effects caused the fiber to fail. The absence of roll-over in the power characteristics suggests that higher powers should be possible if fiber damage is avoided, e.g., via a reduced pump absorption rate or an improved active cooling arrangement. We also investigated the fiber in a tunable laser configuration, at an output power of up to 8.5 W. The tuning range was 2000-2080 nm.
Though co-doping with Yb 3+ -ions can provide many advantages such as reduced device length and extended tuning range, the reduced device length appears to be a disadvantage rather than an advantage in this case, because of the high thermal load that results from the high pump absorption. Furthermore, the tuning range of the tunable laser was smaller than that reported for Yb 3+ -free Tm 3+ -doped fiber lasers. Thus, the main advantage of the Yb 3+ co-doping in these experiments was that it enabled us to use the high-power 975 nm pump source. On the other hand, the Tm 3+ and Yb
3+
concentrations have not been optimized for tuning or high-power operation, and it is likely that with other concentrations and compositions, and other configurations, co-doping will bring more advantages than those demonstrated here.
